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Abstract

Cut pieces of endive were inoculated with Listeria monocytogenes, packaged in gas-impermeable bags in air,
5/5/90% or 10/10/80% CO,, O, and N2 (“Air-0”, *5/5” and “10/10”, respectively) and irradiated to 0.0 (control),
0.3 or 0.6kGy. At various times during refrigerated storage, samples were taken and a determination made
of (a) total microflora, (b) L. monocytogenes, (c) headspace gas composition, (d) color and () texture.
Irradiation reduced initial microbial counts in a dose-dependant manner. Bacteria regrew during storage on
Air-0 samples, but not on 5/5 or 10/10 samples. In each of the three atmospheres, O, declined and CO,
increased, irrespective of radiation dose. Irradiated leaf material in Air-0 tended to retain color attributes during
storage better than non-irradiated; color retention was more variable under 5/5 and 10/10 packaging. After
8 days, maximum shear force relative to the initial level was significantly reduced in 5/5 at all radiation doses,
was not significantly changed in Air-0, and was dose-dependent in 10/10. By 14 days, the texture of all samples
had degraded significantly. These results indicate that irradiation and modified atmosphere packaging can be
combined to prevent the regrowth of L. monocytogenes during post-irradiation refrigerated storage, thereby improving
product safety.

Keywords: Irradiation; Vegetable; Foodborne pathogen; Storage

coli O157T:H7, Listeria monocytogenes, Salmonella and
Shigella spp. (Gombas et al., 2003; Horby et al., 2003;
Tauxe et al., 1997). lonizing radiation can effectively

1. Introduction

Fresh vegetables have been implicated in numerous

recent outbreaks of foodborne illness (Beuchat, 1996;
Haldane, 2003). Salad vegetables, including fresh-cut
lettuce, can be a source of pathogens such as Escherichia

*Mention of trade names or commercial products in this
publication is solely for the purpose of providing specific
information and does not imply recommendation or endorse-
ment by the US Department of Agriculture.

*Corresponding author. Tel.: +1-215-836-3784; fax: +1-
215-233-6445.

E-mail address: bniemira@errc.ars.usda.gov
(B.A. Niemira).

eliminate human pathogens from leafy salad vegetables
such as lettuce (Foley et al., 2002; Niemira et al., 2002)
and endive (Niemira et al, 2003). Studies with
L. monocytogenes-inoculated vegetables have shown
that an initial reduction in the pathogen population
resulting from a low irradiation dose (sufficient to
reduce the bacterial population by approximately
2logip units) can be followed by a regrowth in
refrigerated storage; higher doses (equivalent to reduc-
tions of approximately 4logo units) result in a more
persistent suppression (Prakash et al., 2000b; Niemira
et al., 2003).
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Modified atmosphere packaging (MAP) is used
commercially to suppress the growth of spoilage
organisms and extend the shelf life of vegetable and
meat products (Yuan, 2003). MAP may be passive, in
which packages are sealed in air, or active, in which a
defined mixture of gases are used to flush the package,
typically with reduced O, and increased CO,, with the
balance composed of N,. For vegetables packaged under
cither system, there is no single ideal or standard gas
mixture; the mixture of gases within the package
changes over time in response to the respiration of the
produce and the gas permeability of the packaging
material, and the specific vegetable under consideration
(Al-Ati and Hotchkiss, 2002).

The potential for combining MAP with low-dose
irradiation has been explored in a variety of foods,
including lettuce (Hagenmaier and Baker, 1997; Prakash
et al., 2000a). However, the extent to which headspace
gas composition influences the regrowth of irradiated
L. monocytogenes on vegetables is poorly understood,
particularly with regard to the bacteriostatic effects of
elevated CO, levels on spoilage and pathogenic bacteria
(Yuan, 2003). The behavior of vegetable-associated
pathogens after irradiation treatment will help to
determine the applicability of irradiation to these
products as an antimicrobial intervention. The objec-
tives of this study are to determine the effects of
irradiation and refrigerated storage on the survival and
regrowth of L. monocytogenes on endive leaves pack-
aged under three different modified atmospheres, and
the sensory quality of endive leaves so treated and
stored.

2. Materials and methods

Whole heads of endive were purchased from local
markets less than 24h prior to the start of each
experiment. The outer leaves were discarded, and cut
leaf pieces were prepared from the entire head. The basal
portion of the head was removed, approximately 5cm
from the end. The leaves were sliced as a group into
pieces weighing approximately 0.5g. Fresh produce
typically carries a native microbial load (Niemira,
2003); before use in the experiments, the leaf material
was surface sanitized with a 300 ppm sodium hypo-
chlorite solution. The leaf pieces were gently agitated in
the sanitizing solution at room temperature for 3 min,
thoroughly rinsed in distilled water, and spun in a sterile
salad spinner-type centrifuge (Oxo International, New
York, NY) to remove excess surface water. The
microflora of sanitized leaf material was sampled with
a surface wash with Butterfield’s phosphate buffer (BPB,
Applied Research Institute, Newtown, CT), serial
dilution, pour plating with tryptic soy agar (TSA,
Difco, Detroit, MI) and incubation at 37°C for 24h.

The post-sanitization population was found to be less
than 20 cfu/g leaf tissue.

2.1. Strains and preparation of media

Two strains of L. monocytogenes (ATCC 49594 and
ATCC 43256, American Type Culture Collection,
Manasass, VA) were maintained on 50% glycerol at
—70°C. A frozen culture was sampled and regrown in
tryptic soy broth (TSB, Difco, Detroit, MI) for 16h at
37°C with agitation and streaked onto Palcam agar
(Difco, Detroit, MI). This was incubated at 37°C for
48 h to form single colonies. These colonies were used to
inoculate fresh TSB, grown for 16h at 37°C with
agitation, for each experiment. The cell density of the
starting inoculum was determined by serial dilution with
sterile BPB and pour plating with TSA. The cell density
was typically 10°cfu/ml. The starting inoculum was
diluted 1:10 with sterile BPB to make a working
inoculum.

2.1.1. Inoculation of leaf pieces

Cut leaf pieces were inoculated separately as described
previously (Niemira et al., 2003). Briefly, sanitized leaf
pieces were transferred to a sterile bin and 2000 m! of the
working inoculum was added. The material was agitated
gently for 120's to completely submerge each piece, and
then transferred to a sterile salad spinner-type centrifuge
(Oxo International, New York, NY). The material was
spun twice to remove excess inoculum from the surface
of the leaf pieces.

2.2. Modified atmosphere packaging

In order to ensure that the material would experience
a relatively high-CO,, low-O, environment, samples
(45 g) were placed in a laminated foil/plastic barrier-type
bag (MIL-B-131, Bell Fibre Products, Columbus, GA).
Bagged samples were placed in a self-contained gas
packer/sealer (model #A300/16 MC, Multivac Inc.,
Kansas City, MO). The bags were flushed with air
(passive MAP, “Air-0""), a pre-mixed atmosphere of 5%
CO;, 5% 05, 90% N, (5/5) or 10% CO3, 10% O, 80%
N, (10/10) (Scott Specialty Gases, Plumsteadville, PA).
In separate experiments for sensory analyses, non-
inoculated samples of endive leaves were bagged in the
three atmospheres as described. The ratio of headspace
gas to leaf pieces was approximately 10:1 (v/v). The
samples were refrigerated (4°C) until irradiation, typi-
cally 30-60 min.

2.3. Irradiation and storage
The samples were irradiated using a Lockheed-

Georgia (Marietta, GA) cesium-137 temperature-con-
trolled gamma radiation source, with a dose rate of
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5.88kGy/h, according to the method of Niemira et al.
(2003). The bagged samples were given doses of 0.0
(control), 0.3 or 0.6kGy, and temperature was held at
4°C during irradiation. Alanine pellets (Bruker, Inc.
Billerica, MA) were used for dosimetry. The pellets were
read on a Bruker EMS 104 EPR analyzer and compared
with a previously determined standard curve. The
delivered dose, as determined by EPR dosimetry, was
typically within 5% of the nominal dose.

Following irradiation, the bagged samples were
stored at 4°C. In the experiments related to headspace
gas and microbiology, samples were evaluated 60-90 min
after irradiation (day 0), and after 1, 2, 5, 9, 14 and
19 days in refrigerated storage. In the experiments
related to sensory properties, samples were evaluated
after 1, 8 and 14 days in refrigerated storage.
The samples consisted of one bag per dose/time/atmo-
sphere combination. The experiment was performed
three times.

2.4. Gas sampling

At each of the sampling times, the sample bags
were inspected for leaks. A 0.5ml aliquot of the
headspace gas in the sample bag was taken using a
syringe and a fine gauge needle, pierced through the
bag material. The sampling hole was sealed with
electrical tape. The gas samples were analyzed with a
Gow-Mac series 580 gas chromatograph (Gow-Mac
Instrument, Bridgewater, NJ), equipped with a 183cm
CTR I column (Alltech Associates, Inc., Deerfield, IL)
and a thermal conductivity detector. The injector, oven
and detector temperatures were held at ambient (23—
25°C). The carrier gas was helium with a flow rate of
120ml/min. CO, and O, levels were calculated in
comparison to a standard (Alltech Associated, Deer-
field, IL). After the headspace gas sampling was
completed, the bagged samples were sct aside for
microbiological sampling.

2.5. Microbiological sampling

Sterile BPB was added to each of the sample
bags (180ml). The bags were closed and agitated
for 2min to obtain a surface wash of the leaf pieces.
A 1ml aliquot was taken, and serially diluted with
sterile BPB. The diluted sample was pour plated
with Palcam agar to enumerate the population of
L. monocytogenes, and with TSA to enumerate the
total microbial population (inoculated L. monocytogenes
plus remaining background microflora). Three plates per
dilution were made in each medium. The plates were
allowed to solidify and incubated at 37°C for 48 h, and
counted with an automated plate counter (AccuCount
1000, BioLogics, Gainsville, VA), and scaled to cfu/g
leaf tissue.

2.6. Sensory properties

2.6.1. Texture

The maximum shear strength of the leaf pieces was
measured with a TA.XT2i texture analyzer running the
Texture Expert v.1.22 software package (Texture Tech-
nologies, Scarsdale, NY) using a TA-91 Kramer Shear
Press with five blades.

2.6.2. Color

At each sampling time, color values were taken with a
Hunter Lab Miniscan XE meter (Hunter Laboratory,
Inc., Reston, VA) to determine the brightness (L-value),
greenness/redness (a-value) and blueness/yellowness (b-
value) of the leaf material. The meter was calibrated
using white and black standard tiles. Illuminant D65,
10° standard obsetver, and a 2.5cm port/viewing area
were used.

2.7. Statistics and data analysis

All microbiological, texture, color and headspace gas
composition data were subjected to analysis of variance
(ANOVA, SigmaStat, SPSS, Chicago, IL) to evaluate
the effect of irradiation dose at each sampling time, the
effect of time in storage, and the effect of gas mixture.
Regrowth of L. monocytogenes after irradiation has been
previously shown as an increase approaching a max-
imum population level as a function of time in storage
(Niemira et al., 2003). In this study, regrowth of L.
monocytogenes and total microbiological populations
were modelled for each of the nine gas/dose combina-
tions using a hyperbolic function of the form y =
yo + ax/(b + x) (SigmaPlot, SPSS, Chicago, IL). In this
function, y is the population (log;ocfu/g), x is time
(days), y is the population immediately post-irradiation
on day 0, and the population growth curve, approaching
an asymptotic maximum, is determined by the para-
meters a and b.

3. Results and discussion
3.1. Microbiological reduction and regrowth

The recoverable counts following inoculation (day 0)
were approximately 6.5log,qcfu/g leaf material. After 2
days in storage, the non-irradiated Air-0 samples
showed significantly (P<0.05) increased counts of L.
monocytogenes (Fig. 1A) and total microflora (Fig. 2A),
rising from the relatively high initial level of associated
bacteria immediately following inoculation, 6.2-6.8 log)o
cfu/g and remaining consistent for the remainder of the
study. In contrast, on non-irradiated 5/5 and 10/10
samples the populations of L. monocytogenes (Fig. 1B
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Fig. 1. Populations of L. monocytogenes from packaged,
irradiated endive, plated on Palcam agar. Packaging atmo-
spheres are air (**Air-0”, graph 1A), a pre-mixed atmosphere of
5% COy, 5% O,, 90% N, (“5/5, graph 1B) or 10% CO,, 10%
0, 80% N, (“10/10”, graph 1C). Irradiation doses are 0.0
(circle), 0.3 (triangle) or 0.6kGy (square). Error bars indicate
standard error, n = 9.

and C, respectively) and total microflora (Fig. 2B and C,
respectively) tended not to increase during storage, and
were not significantly (P<0.05) different than the initial
levels. On non-irradiated samples, the populations
observed during storage tended to be more variable on
5/5 than in either Air-0 or 10/10. Also in contrast to the
regrowth observed in Air-0 samples, the L. monocyto-
genes and total microbial populations on the irradiated
5/5 and 10/10 samples at the final sampling times (day
19) were either significantly (P<0.05) lower than or not
significantly different from the initial levels.

Irradiation reduced the levels of L. monocytogenes
and total microflora in each of the three atmospheres
examined. A dose of 0.6kGy resulted in significant
(P<0.05) reductions of 3.09 (Fig. 1A), 2.41 (Fig. 1B)
and 2.53 (Fig. 1C) logjocfu/g of L. monocytogenes in
Air-0, 5/5 and 10/10, respectively. The same dose
significantly (P<0.05) reduced the total microflora by
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Fig. 2. Total microbial populations from packaged, irradiated
endive, plated on tryptic soy agar. Packaging atmospheres are
air (“Air-0”, graph 2A), a pre-mixed atmosphere of 5% CO,,
5% Oy, 90% N, (““5/5”, graph 2B) or 10% CO,, 10% O,, 80%
N, (*“10/10”, graph 2C). Irradiation doses are 0.0 (circle), 0.3
(triangle) or 0.6kGy (square). Error bars indicate standard
error,n = 9.

2.34 (Fig. 2A), 2.20 (Fig. 2B) and 2.26 (Fig. 2C)
logjocfu/g in Air-0, 5/5 and 10/10, respectively. On
irradiated Air-0 samples (Fig. [A), at both 0.3 and
0.6kGy, L. monocytogenes and the total microflora
regrew from the initial reductions until the population
was equal to or significantly greater (P <0.05) than the
non-irradiated samples by the last sampling time (19
days). These results support earlier reports of initial
reduction, followed by the regrowth in storage of L.
monocytogenes on irradiated vegetables and meats
stored in aerobic packaging. In those studies, L.
monocytogenes-inoculated celery (Prakash et al,
2000a,b), endive (Niemira et al.,, 2003), frankfurters
(Sommers and Fan, 2003) and beef bologna (Sommers
et al., 2003) were treated with doses resulting in initial
reductions of approximately 2 log;q cfu/g, comparable to
those obtained in the present work. The pattern of
regrowth following a low radiation dose is consistent,
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despite the fact that the Djo value, i.e. the radiation
dose required to achieve a 1logy, reduction, for
L. monocytogenes is typically higher on meats than on
vegetables.

In contrast to the results obtained in the Air-0
packages, L. monocytogenes did not regrow following
irradiation on endive packaged in 5/5 (Fig. 1B) or 10/10
(Fig. 1C). Recoverable counts from the latter sampling
dates under both gas regimes were either significantly
(P<0.05) lower than, or not different from, the levels
seen immediately post-irradiation (day 0). Total micro-
biological counts showed a similar pattern of persistent
post-irradiation suppression under 5/5 (Fig. 2B) and 10/
10 (Fig. 2C) packaging. These results demonstrate that
the antimicrobial effects of irradiation can be made to
persist during refrigerated storage by altering the head-
space gas composition.

The hyperbolic model was adequate to describe the
regrowth after treatment with 0.6 kGy of L. monocyto-
genes (R? = 0.92) and total microbial counts (R> = 0.90)
in Air-0 packages. However, the hyperbolic model was
inadequate to describe the behavior of microorganisms
in other treatment combinations.

3.2. Headspace gas

In each of the atmospheres used, the percentage O,
decreased and that of CO, increased (Fig. 3A). For Air-
0 samples, CO, increased from less than 1% at the start
of the study to 18-23% at the final sampling time, with
no significant difference among the three radiation
levels. Levels of O, declined from initial measurements
of 18-19% to final levels of 1-6%, also with no
significant difference resulting from irradiation. For
samples packaged in both the 5/5 (Fig. 3B) and 10/10
(Fig. 3C) atmospheres, O, levels dropped to below
detectable levels (less than 1%) by S days post-
packaging for all three radiation doses. Levels of CO,
rose during storage in samples packed in both 5/5 and
10/10, but tended to be more variable in 5/5.

Elevated levels of CO, can have a bacteriostatic or
bactericidal effect on spoilage pathogens (Yuan, 2003).
By day 5, CO; levels in the Air-0 samples rose to 8-13%
and O, levels fell to 4-8% (Fig 3A), yet the irradiated
samples were still subject to a regrowth of L. mono-
cytogenes and total microflora. However, the combina-
tion of elevated CO, and very low O, levels in the 5/5
and 10/10 samples during the course of storage
prevented the regrowth of bacteria on the irradiated
samples in both atmospheres.

3.3. Sensory properties

3.3.1. Texture
There were no significant (P<0.05) differences in
texture (maximum shear force) resulting from irradia-

ot—f:‘ —". o0 H
5

10 15 20
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Fig. 3. Concentration of O, (white) and CO, (black) in
packaged, irradiated endive. Packaging atmospheres are air
(“Air-0”, graph 3A), a pre-mixed atmosphere of 5% CO,, 5%
0,, 90% N, (““5/5”, graph 3B) or 10% CO;, 10% O,, 80% N,
(“10/10”, graph 3C). Irradiation doses are 0.0 (circle), 0.3
(triangle) or 0.6kGy (square). Error bars indicate standard
error, n = 3.

tion in any atmosphere, at any given sampling
date (Table 1). Similarly, there were no significant
differences among the atmospheres at any given
sampling date (Table 1). In Air-0 samples, there was
no significant (P<0.05) difference between the day 1
and day 8 samples at any of the three doses. Samples
packaged in 5/5 and 10/10 generally had a significant
loss of texture by day 8. However, extended time in
storage caused an essentially similar pattern of loss of
texture for all gas/dose combinations, in that samples
which were to have been evaluated at day 14 were
degraded to the point that meaningful measurements of
shear force could not be taken (Table 1). As commer-
cially packaged leafy salad vegetables have a salable
shelf life of 12-14 days (Garrett, 2002), the loss of
texture at the final sampling time in this study is not
unexpected.
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Table 1
Texture (maximum shear force in g) of irradiated endive stored at 4°C for 14 days®
Day Gas 0.0kGy 4.3kGy 0.6kGy
1 Air-0 25357+ 1170abx 24744 1 1602abx 24997+ 1622abx
8 Air-0 20398 + 1398bex 23208 + 1667bex 19852+ 1356bex
14 Air( N/A N/A N/A
1 5/5 26741 4 1349abx 28735+ 1083ax 26055+ 1252ax
) 3/5 19535+ 2119bcx 18732+ 1306cx 18654 + 1686¢cx
14 5/3 NIA N/A N/A
1 10/10 24204+ 1217abx 263224+ 936abx 283831 952ax
3 10/10 17422+ 15160x 8811 £ 1171cx 22926+ 1648abex
14 10/10 N/A N/A N/A

N/A: data not available due to sampile degradation.
*Within cach of the three doses, means for the different samples which are followed by the same letter {a through e} are not
significantly different (P <0.08). Within cach row, means indicated by the same letter (x through 2z} are not significantly different

{P<0.05) (£ SE}.
Table 2 Table 3
Color values (greenness) of irradiated endive stored at 4°C for Color values (brightness) of irradiated endive stored at 4°C for
14 days® 14 days®
Day Gas  0.0kGy 0.3kGy 0.6 kGy Day Gas 0.0kGy 0.3kGy 0.6kGy
1 Air-0 -89+0.16dx ~8.6+0.16ex —-8.6+0.17cx i Air-0  36.1+096abx  34.541.10abx 359+ 1.0Zabx
8 A0 -78+027cdx ~83+0.12dex ~7.6+0.3%9hcx 8 A0 3508+0.79abcx  36.14+0.80abx  37.3+1.82ax
14 Air-0 ~504040bxy —~6.5+0.38zbcx 5.6+ 0.67aby 14 Air-0 28.7+1.50dx 335+ 14laby 35440.79aby
1 55 -854014dcdx —834020cdex —8.81012ex 1 5/5  363+063abx  360+092abx 37.6+1.09x
8 55 ~744027cx  —6.9+0.24ubcdxy —6.2:4:0.27aby T 34.04+097ocx 33.2-+0.76abx  33.441.09abex
4 55 ~39+020ax —4.3+024ax ~3.9+0.3%x 14 355  279+41.1ldx  31.6+144bx 30.041.45x
I O10/10 ~8.74022dx  -8.6:4+0.13ex ~8.6-+0.16ex 1 10/10 38.54+080ax  37.5+082ax  37.340.85ax
8  10/10 —82+40.21cdx ~74+036bedex  ~7.7+0.24bex §  10/10 35.0+08%bex 34.0+115abx 36.3+1.18abx
14 10/10 -5.74£030bx ~5310.21abx ~4.8+£0.37ax i4 10/10 31.04£079%dx  31.8+0.99bx 311+ 1.iibex

*Within each of the three doses, means for the different
sampies which are followed by the same letter (a through €) are
not significantly different (P <0.05). Within each row, means
indicated by the same letter (x through 2) are not significantly
different (P<0.05) (+SE).

332 Color

All gas/dose combinations were subject to significant
{P <0.03) loss of greenness (i.¢ higher & values) during
storage {Table 2). Neither radiation dose nor the
packaging atmosphere employed had a consistent effect
on “g” values,

In the non-irradiated samples in each of the three
atmospheres, day 14 samples were significantly darker
(i.e. lower “L” values) than the day 1 samples (Table 3).
In materials which had received 0.3kQGy, this pattern
was repeated for 10/10 samples, but the loss did not rise
to the level of significance for Air-0 and 5/5 samples.
Following 0.6 kGy, there was significant darkening for
5/5 and 10/10 samples at day 14, but not for Air-0
samples.

A somewhat similar pattern was observed with regard
to loss of vellowness (i.e. lower “5” values) (Table 4). In
the non-irradiated samples in each of the three atmo-

*Within each of the three doses, means for the different
samples which are followed by the same [etter (a through ¢) are
not significantly different {P <0.05). Within each row, means
indicated by the same feiter (x through z) arc not significantly
different (P <0.05) (+5E).

spheres, day 14 samples were significantly (P <0.05) less
vellow than the day 1 samples. Following 0.3kGy, §/5
samples showed significant loss of yellowness by day 14,
but Air-0 and 10/10 samples did not. Following 0.6kGy,
there was a significant loss of yellowness for 5/5 and 10/
10 samples by day 14, but not for Air-0. It should be
noted that for each of these color assessments, the
results obtained at the final sampling time, day 14, are of
limited value, as the loss of texture at this time would
render the product essentially unsalable.

This study shows that the reduction in L. mone-
cytogenes in the 5/5 and 10/10 samples following low-
dose irradiation can be made to persist during storage by
forcing the O, content of the atmosphere to very low
levels, However, the resultant loss of texturs and color
resulting from the anaerobic conditions within the
sample bags specific aimospheres used herein highlight
the equally important need for providing the leaves with
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Table 4
Color values (vellowness) of irradiated endive stored at 4°C for
14 days®
Day Gas 00kGy 0.3kGy 0.6kGy
1 Air-0 23.3+043%ax  22.2+04labex 21.830.51abx
8 Air-0 22.11+0.40abx 22.9+040abx 22.3+0.63ax
14 Air-0 20.3+0.85bex  23.0+0.74ay 22.5 +0.3%y
i 5/ 22.44+0.55abx  22.240.31abxe  23.2+0.60ax
8 55 22.6+047abx  224+0.31abx  22.2+0.38ax
14 505 18.6+0.52x  19.810.78cx 19.2+0.46cx
T 10/16 23.54047axy 21.9+043abex 22.4+0.48ay
10/10 23.4+40.5tax  21.9+0.78abex  21.7+0.5%abx
i4 10/10  20.3+0.56bex  20.5+0.55bex 19.6+0.60bex

Within each of the three doses, means for the different
samples which are followed by the same letter (a through ¢) are
not significantty different (P <0.05). Within each row, means
indicated by the same letter {x through z) are not significantly
different (P <0.05) (+SE).

an opportunity for gas exchange. The texture and color
of the material in this study further demonstrates that
vegetables hold their quality better in an environment
which provides some level of Oy, even as part of a high-
CO,, low-O, atmosphere, The undesirable post-irradia-
tion regrowth of L. monocytogenes observed in this
atmosphere suggests, however, that finer control of the
product microenvironment is required. It has been well
documented that packaged vegetables conduct respira-
tion (consume Op and generate CO;) during storage,
transpire water, and that a fully anaerobic gas environ-
ment in storage can be detrimental to vegetable quality
{Fan et al, 2003; Yuan, 2003). Becausc of this,
commercial MAP applications typically rely on packa-
ging which is oxygen permeable. The oxygen transmis-
sion rate of commercially used plastics varies widely,
and range from very low to excess of 200 cc/h/m® (Al-Ati
and Hotchkiss, 2002). Semi-permeable film bags can, by
adjusting the gas transmission rate, establish a gas
mixture suitable to maintain product quality; a challenge
is balancing the preservation of quality while preventing
the regrowth of L. monocytogenes following low-dose
irradiation,

The use of additional controf factors such as chemical
sanitizers, antimicrobial agents ot other interventions
applied in conjunction with MAP and irradiation is an
important area of future research. The consistent
pattern of regrowth following low irradiation doses,
even on very dissimilar products such as vegetables and
meats, indicates that where irradiation is used as an
intervention in products intended for extended refriger-
ated storage, a dose greater than three Do units should
be used. As the radiation sensitivity of pathogens can
vary based on the food product substrate, the actual
dose applied 1o the product will depend on validation
with the produet of interest. Therefore, a hurdle system

which uses irradiation as one step in a multi-intervention
process for the sanitization of vegetables or meats
must be calibrated and validated to obtain lasting
benefit from the irradiation component of the overall
process.

4. Conclusion

Irradiation significantly reduced initial levels of L.
monocytogenes and total microfiora under each of the
three atmospheres examined. During storage, L. mono-
cytogenes and total microflora regrew on the irradiated
Air-0 samples until the levels were equal or greater than
the non-irradiated samples by Day 19. In contrast, the
L. monocytogenes and total microbial populations on
the irradiated 5/5 and 10/10 samples remained at or
close to the iniiial reduced levels. In each of the three
atmospheres, O, declined and CO; increased, irrespec-
tive of radiation dose. Irradiation had no immediate
significant effect on texture or color. Irradiated leafl
material in Air-0 tended to retain color attributes during
storage better than non-irradiated; color retention was
more variable under 5/5 and 10710 packaging. After §
days, maximum shear force relative to the initial level
was significantly reduced in 5/5 at all radiation doses,
not significantly changed in Air-0, and dose-dependent
in 10/10. By 14 days, the texture of ail samples had
degraded significantly. These results indicate that
irradiation and MAP can be combined to reduce levels
of L. momocytogenes and prevent its regrowth during
storage, thereby serving to protect the consumer, but
that the process must be further optimized to preserve
product quality.
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